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METHOD OF PRESENTING WIDE
DYNAMIC RANGE IMAGES AND A SYSTEM
EMPLOYING SAMEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/360,771, filed Jul. 11, 2016,
the content of which 1s incorporated herein by reference in
its entirety.

TECHNICAL FIELD

The present disclosure relates generally to image process-
ing. More specifically, this disclosure pertains to a system
and method for presenting wide dynamic range (WDR)
images on a low dynamic range (LDR) presentation device.

BACKGROUND

Dynamic range may be defined as the ratio of the intensity
of the brightest point to the intensity of the darkest point 1n
a scene, an 1mage, or an 1imaging device. For natural scenes,
this ratio can be of the order of millions. In order to better
capture and reproduce the wide dynamic range in the real
world, wide dynamic range (WDR) images, also called high
dynamic range (HDR) images, are introduced. A WDR
image 1s an 1mage that exhibits a large dynamic range. To
create a WDR 1mage, several shots of the same scene at
different exposures can be taken, and dedicated image
processing program using sophisticated multiple exposure
fusion techniques can be used to combine the several shots
for creating a WDR 1mage. Such a dedicated image pro-
cessing program may be a soltware program or alternatively
a firmware program. For example, many CMOS sensors
have already embedded WDR or HDR capabilities, and
some recent digital cameras have embedded the WDR or
HDR functionality 1n 1ts firmware to automatically generate
WDR images in the camera 1itself. However, currently avail-
able presentation devices, such as printers, monitors (e.g.,
CRT, LCD and light-emitting diode (LED) monitors), pro-
jectors, and the like, have a limited or low dynamic range.
Consequently, presenting a WDR 1mage on such presenta-
tion devices will either be over-exposed 1n the bright areas
or under-exposed in the dark areas, and details will be lost.
Thus, there 1s a need to compress the dynamic range of a
WDR 1mage to adapt to today’s presentation devices which
may have a lower dynamic range. Tone mapping algorithms
perform this compression/adaptation of the dynamic range.
However, the computation of these algorithms can be power
and time consuming. Therefore, 1t may be dithicult to 1mple-
ment tone mapping algorithms on a power-constrained sys-
tem-on-chip (SoC) or embedded system that calls for power
and real-time performance.

CMOS 1mage sensors are the most commonly used WDR
image capture devices. However, ordinary CMOS 1mage
sensors need multiple exposure fusion captures 1n order to
provide a WDR representation, which 1s time and power
consuming.

Tone mapping algorithms can be classified mto two
categories: global and local tone mapping operators. A
global operator has a single transfer function for any WDR
image. Once the transier function has been established, the
input pixels with the same intensity are mapped to the same
output intensity, without consideration of surrounding pixels
in the 1image. The transfer functions are usually monotonic
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thus avoiding “halo™ artifacts. Global tone mapping algo-
rithms are simple and fast since the transfer function can be
implemented as a look-up table. One of the most successiul
global tone mapping algorithms at present 1s based on an
adaptive logarithmic mapping strategy to display WDR
images (Drago et al., 2003, Adaptive logarithmic mapping

for displaving high contrast scenes. Computer Graphics

Forum 22(3): 419-426). The algorithm changes the base of

logarithmic function based on the luminance level. Another
approach to global tone mapping algorithm 1s based on four
user parameters directly inspired by photoreceptor physiol-
ogy (Remhard et al., 2005, Dyramic range reduction
inspired by phororecepror physiology. IEEE Transactions on
Visualization and Computer Graphics 11(1): 13-24). In
general, global tone mapping algorithms tend to lose con-
trast and details during compression.

Local tone mapping algorithms compress each pixel
according to its luminance value as well as to the luminance
values of a set ol neighboring pixels to better preserve
details and local contrast. However, this preservation 1s done
at the expense ol higher computation complexity and
memory cost. Classic problems to be solved by local tone
mapping algorithms are to determine how many neighboring
pixels need to be included in the computation, and how to
weigh each neighboring pixel’s contribution. Moreover,
local tone mapping can cause “halo™ artifacts (Ofil1 et al.,
2013, Hardware implementation of an automatic vendering
tone mapping algorithm for wide dvnamic range display. .
Low Power Electr. Appl 3 (4): 337-367). Computatlon n
some local tone mapping algorithms are heavy in terms of
logic and memory resource usage (Reinhard et al., 2002,

Photographic tone reproduction for digital fmages. ACM
Trans. Graph. 21(3): 267-2776).

SUMMARY

The embodiments of the present disclosure relate to image
processing methods for converting wide dynamic range
(WDR) images for adapting to a low dynamic range (LDR)
display. A mantissa-exponent format 1s used for representing
WDR 1mages and a tone mapping method 1s used for
processing such WDR 1mages. In some embodiments, the
mantissa-exponent format may be a fixed-point mantissa-
exponent format. In some alternative embodiments, the
mantissa-exponent format may be a floating-point mantissa-
exponent format.

According to one aspect of this disclosure, there i1s pro-
vided a method for representing WDR 1mages 1n mantissa-
exponent format and a tone mapping method that can
convert the mantissa-exponent-formatted WDR 1mage to a
LDR mmage for presenting on a LDR presentation device.
The mantissa-exponent format representation reduce both
memory space and computational complexity. The tone
mapping method takes advantage of the mantissa-exponent
representation and can etliciently map a WDR 1mage to a
LDR image.

In some embodiments, the methods comprise a first step
for representing WDR 1mages 1n mantissa-exponent format
and a second step for conversion of the mantissa-exponent-
formatted WDR 1mage to a LDR 1mage for outputting to a
LDR presentation device.

In some embodiments, a WDR 1mage 1s obtained through
a WDR 1mage source or with a WDR capture device such as
a WDR 1mage sensor. In some other embodiments, a WDR
image 1s obtained by merging multiple images captured with
different exposures. A mantissa-exponent representation of
the WDR source/capture 1s then generated. Then, the tone
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mapping method maps the mantissa-exponent representation
of the WDR 1mmage mnto a LDR image. During the tone
mapping process, multiple contrast enhancement techniques
can be incorporated in order to increase the contrast of the
finial output LDR 1mage.

According to one aspect of this disclosure, there 1s pro-
vided a method of converting an mput wide dynamic range
(WDR) 1mage into an output low dynamic range (LDR)
image, the pixels of the mput WDR 1mage having a first
dynamic range R, and the pixels of the output LDR
image having a second dynamic range R, ,,. smaller than the
first dynamic range. The method comprises: obtaining a
transfer function f(x) over the first dynamic range R,
with X being an intensity value within the first range R, .,
the transfer function f(x) comprising a plurality of sub-
functions f,(x) with 1 being an integer and 1=0, each sub-
function f,(x) being determined over an input interval X, of
the first dynamic range R, and the input intervals X,
being non-overlapped and spanning the first dynamic range
R »: determining the intensity y(p) of each pixel p of the
output LDR image by using the transfer function f(x) and at
least the 1ntensity value x(p) of the corresponding pixel p of
the input WDR 1mage; and outputting the output LDR
image.

In some embodiments, the plurality of sub-functions f ,(x)
are different mathematical functions.

In some embodiments, the plurality of sub-functions f ,(x)
are a same mathematical function with different parameters.

In some embodiments, the intensity values x within the
first range R, are represented by at least a coarse layer
and a detailed layer, and said non-overlapped input intervals
of the first dynamic range R ;. are partitioned based on at
least the coarse layer.

In some embodiments, said non-overlapped mnput inter-
vals of the first dynamic range R, ,,, are partitioned based
on at least the coarse layer and the detailed layer.

In some embodiments, said non-overlapped nput inter-
vals of the first dynamic range R ;. are partitioned based
on at least the coarse layer, the detailed layer, and a pixel
intensity distribution.

In some embodiments, said pixel intensity distribution 1s
the pixel intensity distribution of the mput WDR 1mage.

In some embodiments, said pixel intensity distribution 1s
the pixel intensity distribution of a set of WDR 1mages.

In some embodiments, the set of WDR 1mages are a same
type of 1images.

In some embodiments, the intensity values x within the
first range R ;. are represented as x=mxr” with m being the
mantissa of X, r being a radix, s being the exponent of x, and
x representing multiplication. The mantissa m 1s the detailed
layer and the exponent x 1s the coarse layer.

In some embodiments, said obtaining the transier function
F(x) comprises: maintaining a lookup table of the transfer
function F(x). Said lookup table comprises a plurality of
entries, each entry comprises a value of x represented as 1ts
mantissa m and exponents, and the corresponding value of
F(x). Said determining the intensity y(p) of each pixel p of
the output LDR 1mage comprises: representing the intensity
value x(p) of the pixel p of the input WDR 1mage 1n the
mantissa-exponent form:

x(p)=m(p)xr*®; (1)

searching the lookup table using s (p) and m(p) for deter-
mining the corresponding value of f(x(p)); and using the
determined value of f(x(p)) as the intensity value of the
pixel p of the output LDR image.
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In some embodiments, the transfer function f(x) is:
Fx)=log->(x+1).

In some embodiments, the transfer function f(x) is:

(2)

(3)

F(x)=log>(a xx+b )+c..

where a_, b, and c_ are parameters.
In some embodiments, the transfer function F(x) is:

(4)

where a,, b, ¢, d,, and k, are parameters, and the function
g(m,s) 1s a function of mantissa m and exponent s.

In some embodiments, r 1s the natural base e and m=1.

In some embodiments, r=2, and m and s are integers
greater than or equal to zero.

In some embodiments, said non-overlapped interval X, 1s:

(3)

where m, - and m,,, .- are the minimum and maximum of
m, respectively.

In some embodiments, said non-overlapped 1nput inter-
vals of the first dynamic range R~ are partitioned based
on at least the coarse layer and a weighted combination D of
a reference pixel intensity distribution and an mmput pixel
intensity distribution:

Jx)=(ogy(axx+by)+c,)xlogy(g(m,s))xd +,,

_ ' i
X = {maagnxr'sxsmpppxr'},

DZ&XDFE#I?)XDF:EH? (6)

where o and 3 are weight factors and a+p=1; D, . 1s the
reference pixel intensity distribution; and D, . 1s the input
pixel intensity distribution.

In some embodiments, the mput pixel intensity distribu-
tion D, . . 1s a pixel mtensity distribution of the input WDR
image.

In some embodiments, the iput pixel intensity distribu-
tion D, . . 1s a pixel intensity distribution of a set of WDR
1mages.

In some embodiments, =2, and m and s are integers
greater than or equal to zero; wherein D=D(s), D, =D, (s),
D,. =D,. (S) are functions of s. The first pixel intensity
range R, 18 between zero and a maximum value m,,, .,
and the second pixel intensity range R, 55 1s between zero
and a maximum value v,,,. The transfer function f(x) is:

(7)

2Xm
f(x) = (logy(x+ 1)) Xlﬂgz(

+5+2]><dp +kp,
Mpax

where d, and k, are parameters which are the solutions of
functions:

(8)
9)

j: (pfawbaund):y MAXXD (S):

f (phigh bowund) —Yarax*D(s+1),

where

pfawbound:mMAszsﬂ (1 0)

(11)

In some embodiments, the method further comprises:
establishing a plurality of WDR 1mage classes; and estab-
lishing a plurality of transfer functions each for one of the
plurality of WDR 1mage classes. Said obtaining the transier
function F(x) comprises: determining one of the plurality of
WDR mmage classes for the mput WDR 1mage; and deter-
mining the transfer function f(x) as one of the plurality of
transier functions based on the determined WDR image
class.

According to one aspect of this disclosure, there i1s pro-
vided a method of converting an mput WDR 1mage 1nto an

_ s+1
phighbaund_mMAsz -1
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output LDR 1mage, the pixels of the mput WDR 1mage
having a first dynamic range R, and the pixels of the
output LDR image having a second dynamic range R;
smaller than the first dynamic range. The method comprises:
partitioning the imnput WDR 1mage nto a plurality of WDR
image blocks; for each WDR 1mage block, using a method
described above to convert the WDR 1mage block into a
LDR 1mage block; and combining the obtained LDR 1mage

blocks to form the output LDR image.

According to one aspect of this disclosure, there 1s pro-
vided a method of converting an mput WDR 1mage to an
output LDR image, the pixels of the mput WDR 1mage
having a first dynamic range R, ., and the pixels of the
output LDR 1mage having a second dynamic range R, -
smaller than the first dynamic range. The method comprises:
generating a plurality of intermediate LDR 1mages from the
imput WDR 1mage, the generation of each imtermediate LDR
image using a corresponding window, at least a subset of the
windows having diflerent sizes; and fusing the plurality of
intermediate LDR 1mages to obtain the output LDR image.
Said generating the plurality of intermediate LDR 1mages
comprises: 1n generating each intermediate LDR 1mage, (1)
at least partially overlapping the corresponding window with
the input WDR 1mage at a first position thereof to obtain a
WDR 1mage block; (2) using a method described above to
convert the WDR 1mage block into a LDR 1mage block, said
LDR 1mage block being converted from at least one subset
of the pixels of the WDR image block; (3) set the first
position as a next position of the mput WDR image, and
repeating steps (1) and (2) until all pixels of the mnput WDR
image have been converted; and (4) combining the obtained
LDR 1mage blocks to form the intermediate LDR 1mage.

In some embodiments, said at least one subset of the
pixels of the WDR 1mage block only comprises one pixel of
the WDR 1mage block.

In some embodiments, said fusing the plurality of inter-
mediate LDR 1mages to obtain the output LDR image
comprises: for each pixel p of the output LDR image,
calculating the intensity y(p) thereof as:

K (12)
a;(p)y:(p)
1

i

yip)=—
2 ai(p)

where v.(p) 1s the pixel intensity value of the pixel p of the
1-th intermediate LDR 1mage, a (p) 1s a weighting factor for
the pixel p of the 1-th intermediate LDR 1mage, and K 1s the
number of the intermediate LDR 1mages.

In some embodiments, said fusing the plurality of inter-
mediate LDR 1mages to obtain the output LDR image
turther comprises: calculating a,(p) as:

(13)

where o,(p) 1s the pixel intensity variance of the WDR 1image
block used for determining the transier function for calcu-
lating the intensity of the pixel p of the 1-th intermediate
LDR image, and € 1s a parameter.

According to one aspect of this disclosure, there 1s pro-
vided a method of converting an mput WDR 1mage to an
output LDR 1mage, the pixels of the mput WDR i1mage
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6

having a first dynamic range R, and the pixels of the
output LDR 1mage having a second dynamic range R,
smaller than the first dynamic range. The method comprises:
generating a plurality of intermediate LDR 1mages from the
input WDR 1mage, the generation of each intermediate LDR
image using a corresponding window, at least a subset of the
windows having diflerent sizes; and fusing the plurality of
intermediate LDR 1mages to obtain the output LDR 1mage.
Said generating the plurality of intermediate LDR 1mages
comprises: 1n generating each imtermediate LDR 1mage, (1)
at least partially overlapping the corresponding window with
the input WDR 1mage at a first position thereof to obtain a
WDR image block; (2) obtaining a transfer function (x), x
being an intensity value, for the WDR 1mage block based on
at least the pixel intensity distribution of the WDR 1mage
block; (3) applying the obtained transfer function f(x) to one
or more pixels of the WDR 1mage block to obtain a LDR
image block as:

yp)=F(x(P)),

where xX(p) 1s the intensity of a pixel of the one or more

pixels of the WDR 1mage block, and y(p) 1s the intensity of
a pixel of the LDR 1mage block; (4) set the first position as
a next position of the mnput WDR 1mage, and repeating steps
(1) and (2) until all pixels of the input WDR 1mage have
been converted; and (35) combining the obtained LDR 1mage
blocks to form the intermediate LDR 1mage.

In some embodiments, said fusing the plurality of inter-
mediate LDR 1mages to obtain the output LDR 1mage
comprises: for each pixel p of the output LDR 1image,
calculating the intensity y(p) thereof as:

(14)

K (15)
a;(p)yi(p)
1

i

y(p) = —
2 a(p)

where y.(p) 1s the pixel intensity value of the pixel p of the
1-th intermediate LDR 1mage, a.(p) 1s a weighting factor for
the pixel p of the 1-th intermediate LDR 1mage, and K 1s the
number of the intermediate LDR 1mages.

In some embodiments, said fusing the plurality of inter-
mediate LDR 1mages to obtain the LDR image further
comprises: calculating a.(p) as:

(16)

where 0,(p) 1s the pixel intensity variance of the WDR 1image
block used for determining the transier function for calcu-
lating the intensity of the pixel p of the i1-th intermediate
LDR 1mage, and € 1s a parameter.

In some embodiments, the smallest size of the windows 1s
32-by-32 pixels.

In some embodiments, the largest size of the windows
equals to the size of the mput WDR 1mage.

In some embodiments, the above-described methods fur-
ther comprise: filtering the output LDR 1mage.

In some embodiments, said filtering the output LDR
image comprises: filtering the output LDR image as:

Hp)=1q(p )+ (qp)-(q*D)(p))1=12xq(p)-(g*)(q 1), (17)
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where t(p) 1s the filtered LDR 1mage, q(p) 1s the output LDR
image, I(p) 1s a low-pass filter, and symbol * denotes the
convolution operation.

According to one aspect of this disclosure, there 1s pro-
vided a system for converting an input WDR 1mage 1nto an
output LDR 1mage, the pixels of the mput WDR image
having a first dynamic range R ;.. and the pixels of the
output LDR 1mage having a second dynamic range R, .
smaller than the first dynamic range. The system comprises:
an 1put for inputting the mput WDR 1mage; an output for
outputting the output LDR 1mage; and a processing structure
functionally coupled to the input and the output. The pro-
cessing structure acts for: obtaining a transfer function f(x)
over the first dynamic range R ,,,,, with X being an intensity
value within the first range R;,,~, the transfer function f(x)
comprising a plurality of sub-functions §,(x) with 1 being an
integer and 1=0, each sub-function f,(x) being determined
over an mput mterval X, of the first dynamic range R ;.
and the mput intervals X, being non-overlapped and span-
ning the first dynamic range R ., »; determining the intensity
yv(p) of each pixel p of the output LDR image by using the
transfer function f(x) and at least the intensity value x(p) of
the corresponding pixel p of the mput WDR 1mage; and
outputting the output LDR image.

According to one aspect of this disclosure, there 1s pro-
vided a system of converting an mput WDR 1mage into an
output LDR 1mage, the pixels of the mput WDR 1mage
having a first dynamic range R, and the pixels of the
output LDR 1mage having a second dynamic range R,
smaller than the first dynamic range. The system comprises:
an 1put for inputting the mput WDR 1mage; an output for
outputting the output LDR 1mage; and a processing structure
functionally coupled to the mput and the output. The pro-
cessing structure acts for: partitioning the input WDR 1mage
into a plurality of WDR 1mage blocks; for each WDR image
block, using the above-described method to convert the
WDR 1mage block into a LDR 1mage block; and combining
the obtamned LDR image blocks to form the output LDR
1mage.

According to one aspect of this disclosure, there 1s pro-
vided a system of converting an input WDR 1mage to an
output LDR 1mage, the pixels of the mput WDR 1mage
having a first dynamic range R, and the pixels of the
output LDR image having a second dynamic range R;
smaller than the first dynamic range. The system comprises:
an 1put for inputting the mput WDR 1mage; an output for
outputting the output LDR 1mage; and a processing structure
functionally coupled to the input and the output. The pro-
cessing structure acts for: generating a plurality of interme-
diate LDR 1mages from the mput WDR 1mage, the genera-
tion of each intermediate LDR 1mage using a corresponding,
window, at least a subset of the windows having diflerent
sizes; and fusing the plurality of intermediate LDR 1mages
to obtain the output LDR 1mage. Said generating the plu-
rality of mntermediate LDR 1mages comprises: 1n generating,
cach intermediate LDR 1mage, (1) at least partially overlap-
ping the corresponding window with the input WDR 1mage
at a first position thereof to obtain a WDR 1mage block; (2)
using the above-described method to convert the WDR
image block into a LDR 1mage block, said LDR 1mage block
being converted from at least one subset of the pixels of the
WDR 1mmage block; (3) set the first position as a next position
of the input WDR 1mage, and repeating steps (1) and (2)
until all pixels of the mput WDR 1mage have been con-
verted; and (4) combining the obtained LDR 1mage blocks
to form the itermediate LDR 1mage.
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According to one aspect of this disclosure, there 1s pro-
vided a system of converting an input WDR 1mage to an
output LDR 1mage, the pixels of the mput WDR 1mage
having a first dynamic range R, and the pixels of the
output LDR 1mage having a second dynamic range R, .
smaller than the first dynamic range. The system comprises:
an 1mput for inputting the input WDR 1mage; an output for
outputting the output LDR 1mage; and a processing structure
functionally coupled to the mput and the output. The pro-
cessing structure acts for: generating a plurality of interme-
diate LDR 1mages from the mput WDR 1mage, the genera-
tion of each intermediate LDR 1mage using a corresponding

window, at least a subset of the windows having different
sizes; and fusing the plurality of intermediate LDR 1mages
to obtain the output LDR image. Said generating the plu-
rality of intermediate LDR 1mages comprises: 1n generating
cach intermediate LDR 1mage, (1) at least partially overlap-
ping the corresponding window with the input WDR 1mage
at a first position thereof to obtain a WDR 1mage block; (2)
obtaining a transfer function f(x), X being an intensity value,
for the WDR mmage block based on at least the pixel
intensity distribution of the WDR 1mage block; (3) applying
the obtained transfer function F(x) to one or more pixels of
the WDR 1mage block to obtain a LDR 1mage block as:

Y= (x(p)), (18)

where x(p) 1s the intensity of a pixel of the one or more
pixels of the WDR 1mage block, and y(p) 1s the intensity of
a pixel of the LDR 1mage block; (4) set the first position as
a next position of the mmput WDR 1mage, and repeating steps
(1) to (3) until all pixels of the input WDR 1mage have been
converted; and (5) combiming the obtained LDR image
blocks to form the intermediate LDR 1mage.

According to one aspect of this disclosure, there i1s pro-
vided a computer-readable storage device comprising com-
puter-executable instructions for converting an mput WDR
image to an output LDR 1mage, the pixels of the mnput WDR
image having a first dynamic range R;,,,» and the pixels of
the output LDR 1mage having a second dynamic range R, ,,,
smaller than the first dynamic range. The mstructions, when
executed, cause a processing structure to act for: obtaining
a transfer function F(x) over the first dynamic range R,
with X being an intensity value within the first range R ;. 5,
the transfer function f(x) comprising a plurality of sub-
functions §,(x) with 1 being an integer and 1=0, each sub-
function f(x) being determined over an input interval X, of
the first dynamic range R, and the mput intervals X,
being non-overlapped and spanning the first dynamic range
R, »; determining the intensity y(p) of each pixel p of the
output LDR image by using the transfer function f(x) and at
least the intensity value x(p) of the corresponding pixel p of
the mput WDR 1mage; and outputting the output LDR
image.

According to one aspect of this disclosure, there 1s pro-
vided a computer-readable storage device comprising com-
puter-executable instructions for converting an input WDR
image nto an output LDR image, the pixels of the input
WDR 1mage having a first dynamic range R, and the
pixels of the output LDR 1mage having a second dynamic
range R,,,. smaller than the first dynamic range. The
instructions, when executed, cause a processing structure to
act for: partitioning the mput WDR 1mage 1nto a plurality of
WDR mmage blocks; for each WDR 1mage block, executing
the above-described 1nstructions to convert the WDR 1mage
block 1nto a LDR 1mage block; and combinming the obtained
LDR 1mage blocks to form the output LDR 1mage.
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According to one aspect of this disclosure, there 1s pro-
vided a computer-readable storage device comprising com-
puter-executable instructions for converting an mput WDR
image to an output LDR 1mage, the pixels of the input WDR
image having a first dynamic range R, and the pixels of
the output LDR 1mage having a second dynamic range R;
smaller than the first dynamic range. The nstructions, when
executed, cause a processing structure to act for: generating
a plurality of intermediate LDR 1mages from the mput WDR
image, the generation of each itermediate LDR image
using a corresponding window, at least a subset of the
windows having different sizes; and fusing the plurality of
intermediate LDR 1mages to obtain the output LDR image.
Said generating the plurality of intermediate LDR 1mages

comprises: 1n generating each intermediate LDR 1mage, (1)
at least partially overlapping the corresponding window with
the mnput WDR 1mage at a first position thereof to obtain a
WDR mmage block; (2) executing the above-described
istructions to convert the WDR 1mage block mto a LDR
image block, said LDR 1mage block being converted from at
least one subset of the pixels of the WDR 1mage block; (3)
set the first position as a next position of the mput WDR
image, and repeating steps (1) and (2) until all pixels of the
iput WDR 1mage have been converted; and (4) combining
the obtained LDR image blocks to form the intermediate
LDR image.

According to one aspect of this disclosure, there 1s pro-
vided a computer-readable storage device comprising com-
puter-executable instructions for converting an mput WDR
image to an output LDR 1mage, the pixels of the mnput WDR
image having a first dynamic range R;,,» and the pixels of
the output LDR 1mage having a second dynamic range R;
smaller than the first dynamic range. The nstructions, when
executed, cause a processing structure to act for: generating
a plurality of intermediate LDR 1mages from the mput WDR
image, the generation of each imtermediate LDR image
using a corresponding window, at least a subset of the
windows having different sizes; and fusing the plurality of
intermediate LDR 1mages to obtain the output LDR 1mage.
Said generating the plurality of intermediate LDR 1mages
comprises: 1n generating each intermediate LDR 1mage, (1)
at least partially overlapping the corresponding window with
the mput WDR 1mage at a first position thereof to obtain a
WDR image block; (2) obtaining a transfer function f(x), x
being an intensity value, for the WDR 1mage block based on
at least the pixel intensity distribution of the WDR image
block; (3) applying the obtained transfer function f(x) to one
or more pixels of the WDR 1mage block to obtain a LDR
image block as:

y(p)=f(x@)),

where X(p) 1s the intensity of a pixel of the one or more
pixels of the WDR 1mage block, and y(p) 1s the intensity of
a pixel of the LDR 1mage block; (4) set the first position as
a next position of the input WDR 1mage, and repeating steps
(1) to (3) until all pixels of the input WDR 1mage have been
converted; and (5) combining the obtained LDR image
blocks to form the intermediate LDR 1mage.

(19)

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will be described 1n conjunction
with reference to the following drawings in which:

FIG. 1 1s a schematic diagram showing the structure of an
imaging processing system, according to some embodiments
of the present disclosure;
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FIG. 2 1s a simplified tlowchart showing the steps of a
process for converting a WDR 1mage into a LDR 1mage;

FIG. 3 shows a tone-mapping transier function used 1n the
system shown 1n FIG. 1, the tone-mapping transfer function
comprising a plurality of sub-functions;

FIG. 4 1s a schematic diagram showing conversion of a
WDR 1mage mnto a LDR 1mage;

FIG. 5 shows an example of determining a transfer
function with contrast enhancement;

FIG. 6 shows an example of a reference pixel intensity
distribution for converting a WDR 1mage 1nto a LDR 1mage;

FIG. 7A 1s an example showing a schematic illustration of
using a boundary condition to calculate the parameters of a
tone-mapping transier function;

FIG. 7B 1s an example showing a schematic illustration of
a tone-mapping transier function, according to some alter-
native embodiments;

FIG. 8 shows the detail of a step of generating mantissa-
exponent representation of the process shown in FIG. 2;

FIG. 9 1s a schematic diagram 1illustrating a contrast
enhancement process, according to some alternative
embodiments;

FIG. 10 shows a WDR-to-LDR 1mage conversion pro-
cess, according to some alternative embodiments;

FIG. 11 shows a WDR-to-LDR 1mage conversion process,
according to some other embodiments;

FIG. 12 shows a WDR-to-LDR 1mage conversion process
using a moving window, according to yet some other
embodiments;

FIGS. 13A to 13D are examples showing the position of
a set of pixels to be processed within a moving window
shown 1in FIG. 12;

FIG. 14 1s an example showing the moving of the moving,
window shown 1n

FI1G. 12; and

FIGS. 15A and 15B are two examples showing pixel
mirroring for filling the moving window when the moving
window 1s partially overlapped with a WDR 1mage.

DETAILED DESCRIPTION

The embodiments of the present disclosure relate to 1mage
processing methods and systems for processing and con-
verting wide dynamic range (WDR) images into low
dynamic range (LDR) images suitable for presenting on
presentation devices that do have suflicient dynamic range
for properly displaying WDR 1mages.

The methods and systems disclosed herein represent a
WDR 1mage in mantissa-exponent format and convert the
mantissa-exponent-formatted WDR 1mage to a LDR 1mage
for outputting. Heremn, a WDR 1mage 1s an image that
exhibit a large dynamic range, and may be a still image, an
image ol a video stream, and/or the like. A WDR 1mage may
be m any suitable format such as RAW, Flexible Image
Transport System (FITS), RGBE, Jomt Photographic
Experts Group (JPEG) such as JPEG-HDR, JPEG-XR and
JPEG-XT, Tagged Image File Format (TIFF) such as Logluv
TIFF, OpenEXR, and/or the like.

System Structure

Turning now the FIG. 1, an 1image processing system 1s
shown and 1s generally 1dentified using reference numeral
100. In various embodiments, the system 100 1s for pro-
cessing and converting one or more WDR 1mages into one
or more processed 1mages suitable for presenting on a LDR
presentation device. Such processed 1mages are generally
LDR 1mages. The WDR 1mages and LDR 1mages may be 1n
various forms 1n various embodiments.
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The system 100 may be implemented in various forms.
For example, in some embodiments, the system 100 may be
a digital camera, a video recorder such as a camcorder, a web
cam, a security camera, a presentation device (such as a
printer, a monmtor (e.g., a cathode ray tube (CRT), liqud
crystal display (LCD) or LED monitor), a projector and the
like), a smartphone, a tablet, a wearable electronic device, a
laptop computer, a desktop computer, a computer network
system, or the like.

In some other embodiments, the system 100 may be a
component of another system or device, for example, an
imaging component such as a camera module, an 1maging
processing component such as an imaging processing circuit
coupled to a camera module for processing the image
captured by the camera module, a display module coupled to
a presentation device, or the like. Such a component may be
used 1n various devices and system such as above mentioned
digital camera, video recorder, web cam, security camera,
presentation device, smartphone, tablet, wearable electronic
device, laptop computer, desktop computer, computer net-
work system, and the like.

As shown 1n FIG. 1, the system 100 comprises a process-
ing structure 102 functionally coupled to an image 1nput
104, an 1image output 106, and a storage 108 via suitable
circuits such as a system bus, one or more printed circuit
boards (PCB), and/or the like. The system 100 may also
comprise other components (not shown) as needed, such as
a keyboard, a computer mouse, a touch-sensitive screen, a
speaker, a microphone controllers, wired or wireless net-
work interface, sensors, servos, flash light, and the like.

The processing structure 102 1s a computation structure
for processing and converting one or more WDR 1mages into
one or more LDR images. In some embodiments, the
processing structure 102 may be one or more single-core or
multiple-core computing processors such as Intel® micro-

processors offered by Intel Corporation of Santa Clara,
Calif., USA, AMD® microprocessors offered by Advanced

Micro Devices of Sunnyvale, Calif., USA, ARM® micro-
processors manufactured by a variety of manufactures under
the ARM® architecture developed by ARM Ltd. of Cam-
bridge, UK, or the like.

In some alternative embodiments, the processing structure
102 may be one or more application-specific computation
structures such as one or more application-specific inte-
grated circuit (ASIC) chips, one or more field-program-
mable gate array (FPGA) chips, and/or the like, specifically
designed with Tunctions for processing and converting WDR
images mnto LDR 1mages.

In some embodiments, the processing structure 102 may
comprise one or more ‘“hard-wired” electrical or other
suitable circuits for processing and converting WDR 1mages
into LDR 1mages. In some alternative embodiments, the
processing structure 102 may execute one or more software
programs, soltware program modules, firmware programs,
firmware program modules, and/or a combination thereof,
for processing and converting WDR 1mages into LDR
images. Such programs and/or program modules may be
stored 1n storage 108.

The 1image mmput 104 is one or more devices or compo-
nents for mputting or capturing one or more WDR 1mages
into the system 100. For example, 1n some embodiments, the
image iput 104 may be an 1image sensor such as a comple-
mentary metal-oxide-semiconductor (CMOS) or a charge-
coupled device (CCD) image sensor. In these embodiments,
the WDR 1mages may be the data generated by the image
sensor that represents the captured WDR 1mages.
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In some alternative embodiments, the image input 104
may be a camera or camera module. In these embodiments,
the WDR 1mages may be the data generated by the camera
or camera module that represents the captured WDR 1mages.

In yet some alternative embodiments, the image input 104
may be a wired or wireless network interface connected to
a network such as the Internet for receiving one or more
WDR 1mages from a remote device into the system 100. In
these embodiments, the WDR 1mages may be 1n the form of
one or more digital files or database records.

In still some alternative embodiments, the 1image input
104 may be an interface for connecting to a storage device.
For example, the image input 104 may be a Universal Serial
Bus (USB) port for connecting a removable storage device
(such as a USB dnive, a portable hard drive) to the system
100 to transfer one or more WDR 1mages stored therein into
the system 100. In these embodiments, the WDR 1mages
may be 1n the form of one or more digital files or database
records.

In some alternative embodiments, the image input 104
may be a portion of the storage 108 storing one or more
WDR images. In these embodiments, the WDR 1mages may
be 1n the form of one or more digital files or database
records.

In some embodiments, the image mput 104 may be a
combination of above-described image mput devices and
components.

The image output 106 1s one or more devices or compo-
nents for outputting thereto one or more LDR 1mages. For
example, 1n some embodiments, the image output 106 may
be a display suitable for displaying LDR 1mages, such as a
CRT display, a LCD display, a LED display such as a
LED-LCD display or an organic light-emitting diode
(OLED), a digital signage, or the like. While such displays
are suitable for displaying LDR images, they may also be
capable of displaying WDR 1mages in some embodiments,
although there may be less-needed for converting WDR
images into LDR images in these embodiments. In these
embodiments, the LDR 1mages are the images presented on
the display.

In some alternative embodiments, the 1image output 106
may be a publishing device suitable for presenting LDR
images, such as an 1nkjet printer, a laser printer, or the like.
In these embodiments, the LDR images are the images
printed or otherwise presented by the publishing device on
a publication media such as paper.

In yet some alternative embodiments, the 1image output
106 may be a wired or wireless network interface connected
to a network such as the Internet for transmitting one or
more LDR images to a remote device. In these embodi-
ments, the LDR 1mages may be in the form of one or more
digital files or database records.

In still some alternative embodiments, the image output
106 may be an interface for connecting to a storage device.
For example, the image output 106 may be a USB port for
connecting a removable storage device (such as a USB
drive, a portable hard drive) to the system 100 to transier one
or more WDR 1mages thereto. In these embodiments, the
LDR 1mages may be 1n the form of one or more digital files
or database records.

In some alternative embodiments, the image output 106
may be a portion of the storage 108 for storing one or more
WDR 1mages therein. In these embodiments, the LDR
images may be in the form of one or more digital files or
database records.
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In some embodiments, the image output 106 may be a
combination of above-described 1image output devices and
components.

The storage 108 comprises a plurality of storage units
accessible by the processing structure 102 for reading and/or
storing data, including input data and data generated by the
processing structure 102. The storage 108 may be volatile
and/or non-volatile, non-removable or removable storage

media such as RAM, ROM, EEPROM, solid-state memory,
hard disks, CD, DVD, flash memory, or the like. In use, the
storage 108 1s generally divided into a plurality of portions
or areas for different use purposes. For example, a portion of
the storage 108 may be used for long-term data storing such
as storing files or databases; another portion of the storage
108 may be used for caching data that 1s not currently used
by the processing structure 102 such as a so-called “virtual
memory”’; yet another portion of the storage 108 (such as
one or more high-speed RAM) may be used as the system
memory for temporarily storing data generated or used
during processing.

In various embodiments, the storage 108 may comprise a
mixture of different types of storage media, or may consist
of the same type of storage medium. Moreover, different
portions of the storage 108 may be local to each other.
Alternatively, some portions of the storage 108 may be
remote to other portions thereof. For example, some portions
of the storage 108 may be the storage media on the “cloud”
that can be accessed via a network such as the Internet.

As described above, 1n some embodiments, a portion of
the storage 108 may store one or more WDR 1mages and
may be used as an mput 104. In some embodiments, and
another portion of the storage 108 may be used as an output
106 for receiving and storing the LDR 1mages.

FIG. 2 1s a flowchart showing the steps of a process 120
for converting a WDR 1mage into a LDR 1mage. As shown,
a WDR 1mage 1s obtained from the mput 104 such as from
a WDR 1mage source or a WDR capture device (step 122).
A mantissa-exponent representation of the WDR 1mage 1s
then generated (step 124). Then, a dynamic tone mapping,
method 1s used to process the WDR 1mage (step 128).
During the tone mapping process, multiple contrast
enhancement techniques (block 126) can be optionally
incorporated in order to increase the contrast of the finial
output LDR image. After tone mapping, the WDR 1image 1s
converted mto a LDR 1mage (step 130).

In the following, the mantissa-exponent representation,
input pixel intensity range partitioning and tone mapping
functions are first described. Then, the detail of step 124 and
128 are described.

Mantissa-Exponent Representation

As 1s known 1n the art, an image such as a WDR 1mage
comprises a plurality of pixels and each pixel comprises a set
of values describing the characteristics thereof such as color,
brightness, intensity, and the like.

Pixel values of an 1mage may be represented 1n various
formats. For example, integer representation, fixed point
representation, and floating point representation may be the
most commonly used pixel value representation formats.
However, such representations only provide direct represen-
tation of the numerical values.

Some 1mage processing methods use mathematical tools
such as wavelet, principle component analysis, and sparse
coding to transform the pixel values of an 1mage into
low-frequency bands and high-frequency bands. Low-ire-
quency bands provide a coarse representation of the image,
and may be denoted as a coarse layer heremnafter. High-

5

10

15

20

25

30

35

40

45

50

55

60

65

14

frequency bands provide the detail of the 1mage, and may be
denoted as a detailed layer heremafter.

As will be described in more detail below, the process 120
mamipulates both the coarse layer and the detailed layer of
a WDR 1mage for converting the WDR image to a LDR
image.

As 1s known 1n the art, each pixel p of an mput WDR
image has an mput pixel intensity x(p) which may take a
value x within an input pixel intensity range R ;.. Herein,
x(p) denotes the mput pixel intensity of the pixel p of an
mput WDR 1mage, and x denotes a possible value of x(p).

X may be represented in a mantissa-exponent form as:

X=MXF, (20)

where m 1s the mantissa of X, r 1s a radix, s 1s the exponent
of X, and x represents multiplication.

In various embodiments, the parameters m, r, and s may
take any suitable values such as integers and/or floating-
point numbers.

For example, in some embodiments, m=0, r>0, and s=0.

In some embodiments, m=0 or m=1. r>0. s=0 or s=1.

In some embodiments, r>0. m and s are integers greater
than or equal to zero (0).

In some embodiments, m, r, and s are mtegers, and r #0.

In some embodiments, r 1s an integer greater than zero (0).
m and s are integers greater than or equal to zero (0).

In some embodiments, r=2, and m and s are fixed-point
integers greater than or equal to zero (0) for adapting to
today’s hardware implementation. In these embodiments, m
and s may also be denoted as unsigned integers.

In some alternative embodiments where hardware
resources are suilicient, m may be set as one (1) and the
radix r may be chosen as any suitable positive value. For
example, the radix r may be chosen as the natural base e.
Thus, with a simple conversion, the mput pixel intensity
value X may be expressed as a logarithmic domain value s:

x=e>. (21)

Generally, the exponent s 1s a value within an 1nput
exponent value range, 1.e., s,<s<s_, where s, and s are the
lower and upper boundary of s. Stmilarly, the mantissa m 1s
a value within an input mantissa value range, 1.e., m,<m<m ,
where m, and m , are the lower and upper boundaries of m,
respectively. Therefore, the input WDR 1mages may have a
dynamic range R;,,={mxr<x<m, xr*}.

In some embodiments, m, and m,, are independent to the
exponent value s. For example, s may be a 3-bit binary
number with a value range of O to 7, and m may be a 10-bit
binary number with a value range of 0 to 1023 regardless
what value the exponent s may be.

In some alternative embodiments, m, and/or m, may be a
function of the exponent value s, m~=m,(s) and/orm_=m _ (s).
For example, s may be a 1-bit binary number with a value
range of 0 and 1. For s=0, m may be a 10-bit binary number
with a value range of 0 to 1023 (m,=0 and m,=1023), and for
s=1, m may be a 3-bit binary number with a value range of
0 to 7 (m~0 and m_=7).

The mantissa-exponent representation of X allows a large
range of the pixel intensity X to be represented using a
relatively small memory space. For example, with r=2,
me[0,1023] being a 10-bit binary number, and s&[0,7]
being a 3-bit binary number, the representation of X as in
Equation (20) has a value range of 0 to 130944 and only
requires 13 bits of memory space 1s required for each pixel.
In various embodiments, the bit-lengths of m and s may be
selected as needed to tradeofil between the representation
range, precision and memory space.
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The mantissa-exponent representation of Equation (20)
partitions an 1mage 1nto a coarse layer represented by the
exponent s and a detailed layer represented by the mantissa
m. The coarse and/or detailed layers may be used to establish
a tone-mapping transier function for compressing the pixel
intensity of a WDR 1mage to convert the WDR 1mage to a
LDR image (described later).

Similarly, each pixel p of an output LDR 1mage has an
output pixel intensity y(p) which may take a value y within
an output pixel intensity range R; .. Herein, y(p) denotes
the mput pixel intensity of the pixel p of an output LDR
image, and y denotes a possible value of y(p).

Input Pixel Intensity Range Partitioning and Dynamic Tone
Mapping Function

Referring again to FIG. 2, a dynamic tone mapping 1s used
at step 128 to convert the WDR 1mage into a LDR 1mage,
which uses a monotonic and continuous tone-mapping trans-
fer function f(x) to map each input pixel intensity value x(p)
of a WDR 1mage mto an output pixel intensity value
yv(p)=Ff(x(p)). By using a suitable tone-mapping transfer
function f(x), the output pixel intensity range R, ,,. may be
smaller than the mnput dynamic range R ;,.,», and the output
image 1s then a LDR 1mage suitable for presenting on a LDR
presentation device.

In some embodiments, the mnput coarse layer s 1s used to
determine the function and/or parameters of the tone-map-
ping transfer function f(x). Specifically, the input exponent
value range s,<s<s _ of the coarse layer s 1s partitioned 1nto
a plurality of non-overlapped intervals. Let s;<s,<<. .. <s,
be N+1 values within the input exponent value range, and
so=s; and s,~s . Then, the range of the coarse layer s 1s
partitioned into N intervals {s,=s<s,}, {s,=ss=s,}, . . .,
Is..,=s<s,}. Correspondingly, the range R, ., of X may be
partitioned mto N input pixel intensity intervals with the 1-th
interval expressed as:

X;={mxrfi<x<m, xr**l},

where 1=0, 1, 2, . . ., N-1.

In some embodiments where r 1s an integer greater than
zero (0) such as r=2, and m and s are integers greater than
or equal to zero (0), the range of the coarse layer s are
partitioned into N intervals {s=i}, i=0, 1, 2, . .., N-1, and
N-1 1s the maximum of s. The range R ..., of input pixel
intensity values x 1s partitioned into N 1nput intensity
intervals, with the 1-th input pixel intensity interval
expressed as:

(22)

‘Xri:{meeriEXEmmaxxrj}: (23)

where 1=0, 1, 2, . . . , N-1, and m,,,,, and m,,, are the
mimmum and maximum of m, respectively. In other words,
the mput pixel intensity values x having a same exponent
value s fall into the same input pixel intensity interval.

As shown 1n FIG. 3, the tone-mapping transfer function
F(x) comprises N sub-functions J,(x) each corresponding to
an mput pixel intensity interval. That 1s:

F&)=5:(x), if ¥EX,, (24)

where1=0, 1, 2, . . ., N-1. Therefore, for a pixel p of an input
WDR 1mage having an input pixel intensity x(p), the output
pixel intensity y(p) of the pixel p of the output 1mage 1s
calculated as:

y)=1@))=5xp)), if x(p)EX,,

where 1=0, 1, 2, . . ., N-1.

Thus, the dynamic tone mapping converts the input pixel
intensity values in the mput range R;.,. to output pixel
intensity values in the output range R,,.. By using a

(25)
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suitable transfer function f(x), the output range R, ,,» may be
smaller than the input range R ., as shown 1n FIG. 4, and
a WDR 1mage may be converted mto a LDR 1mage for
output.

Various sub-functions F,(x) may be used in various
embodiments. For example, 1n some embodiments, the
sub-functions f ,(x) may be different mathematical models or
different mathematical functions, such as log-base functions,
linear functions, functions based on histogram equalization,
and/or the like.

In some embodiments, the sub-functions f,(x) may be a
same mathematical function with diflerent parameters.

In some embodiments, some sub-functions f,(x) may be
different mathematical models, and some other sub-func-
tions f,(X) may be a same mathematical model with different
parameters.

In some embodiments, the transfer function f(x) is a
logarithmic function:

f(x):ngE(asxx+bs)+Csﬂ (26)
where a_, b_ and c_ are parameters.
Various compression levels can be achieved with different

choices of a_, b_ and c_ parameters. For example, 1n some
embodiments, one may choose a =1, b.=1 and ¢ =0, and the
transfer function f(x) becomes:

F(x)=log,(x+1). (27)

In some alternative embodiments, a second term 1s used

to tune the compression level of pixels according to different
exponent values:
J)=(logz(axx+bg)+c,)xlogy(g(m,s))xd,+k,, (28)

where a,, b,, ¢, d,, and k, are parameters, and the function
g(m,s) 1s a function of mantissa m and exponent s. The
function g(m,s) can be global or local based on the specific
requirement of the final result. A more detailed description
ol parameter selections 1s provided later.

Histogram-Based Input Pixel Intensity Range Partitioning
and Dynamic Tone Mapping Function

In above embodiments, the mmput pixel intensity range
R ;- 1s partitioned 1nto a plurality of intervals based on the
exponents. In some alternative embodiments, the input pixel
intensity range R, 1s partitioned into a plurality of inter-
vals based on both the coarse layer (for example the expo-
nent s) and the detailed layer (for example the mantissa m).
For example, the input pixel intensity range R, may be
first partitioned 1nto a plurality of coarse intervals based on
the exponent s, and each coarse interval 1s Turther partitioned
into a plurality of detailed intervals based on the mantissa m.
Then, a sub-function f,(x) is defined for each detailed
interval.

In some embodiments, the range of m, 1.e., m, and/or m_,
1s a function of the exponent value s, m~m,(s) and/or
m_=m  (s). In these embodiments, each coarse interval may
be further partitioned into a plurality of detailed intervals
based on the range of m. For example, a coarse interval
corresponding to a larger range of m may be partitioned into
more detailed intervals.

In some embodiments, the partitioning the mmput pixel
intensity range R, may be based on a histogram.

As known 1n the art, a histogram 1s a representation of the
pixel intensity distribution over a plurality of non-over-
lapped pixel intensity intervals that span a dynamic range,
and may be calculated as the number of pixels of which the
pixel mtensity values fall within each interval. Depending
on the implementation, a histogram or a pixel intensity
distribution may be calculated based on one 1mage such as
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the WDR 1mage to be converted, a plurality of images with
similar characteristics such as images of night scenes, or
alternatively a plurality of images with different character-
1stics.

As shown in FIG. 4, by partitioning the mput pixel
intensity range R ., mnto N intervals X, X, ..., X, the
output pixel itensity range is also partitioned into N cor-
responding intervals, denoted as Y, Y,, ..., Y. ,. Pixels of
a WDR image that fall into a same input pixel intensity
interval X, are mapped to the same output pixel intensity
interval Y .. Those skilled 1in the art will appreciate that, if
more pixels of a WDR 1mage fall mto an input pixel
intensity interval X, it means that the pixels within this
interval X are more important to the detail of the image, and
shall be more carefully processed in tone mapping.

Therefore, in some embodiments, a histogram of the
WDR 1mage to be processed is calculated to determine the
pixel intensity distribution. The calculation of the histogram
may be carried out after the generation of the mantissa-
exponent representation and such calculation can be done 1n
software, hardware or both software and hardware, with
mimmal resource requirements.

Then, one or more above-described input pixel intensity
intervals are identified, each of which corresponds to a
suiliciently high pixel distribution such as higher than a
predefined threshold. Each of these identified mput pixel
intensity intervals 1s further partitioned into a plurality of
input pixel intensity intervals. A transfer function f(x)
having a plurality of sub-functions f,(x) each corresponding
to an input intensity interval 1s then determined.

FIG. 5 shows an example of determining a transier
function F(x). As shown, the input pixel intensity range is
partitioned into a plurality of intervals 204, 206 and 208
corresponding to s=0, s=1, and s=2, respectively. A histo-
gram 202 of the WDR 1mage to be converted 1s calculated,
and 1t 1s determined that the input pixel intensity interval 206
corresponding to s=1 has an input pixel intensity distribution
higher than a predefined threshold (not shown). Then, the
interval 206 1s further partitioned into a plurality intervals
210. Finally, a transter function 212 1s determined which has
a plurality of sub-functions 214 each corresponding to an
input pixel intensity interval 204, 206, 208 or 210.

In some alternative embodiments, a histogram of a set of
WDR 1mages 1s first determined. The set of WDR 1mages
may be a set of WDR 1mages having similar photographic
characteristics or classified as a same type of images such as
WDR 1mages taken under a similar illumination condition
such as WDR 1mages of night scenes. Such a histogram 1s
then used for determining the mnput pixel mtensity intervals
in a manner similar to FIG. 5, and for determiming a transfer
function f(x) having a plurality of sub-functions f,(x) each
corresponding to an 1put mtensity iterval. The histogram
of the set of WDR images and the determination of the
transfer function f(x) may be predetermined such as before
the system 100 starts to convert any WDR 1mage.

As described above, 1n some embodiments, the radix r=2,
and the mantissa m and exponent s are fixed-point unsigned
integers (greater than or equal to zero (0)). In these embodi-
ments, the input pixel intensity range R, may be parti-
tioned 1nto a plurality of non-overlapped 1ntervals
X=Im, xr'sxsm,, '}, i=0, 1, 2, . . ..

These embodiments provide an advantage of eflicient
hardware i1mplementation and fast WDR-to-LDR 1mage
conversion. For example, a lookup table may be built for the
transfer function F(x). The lookup table comprises a plural-
ity of entries. Each entry comprises a possible value of x
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represented as 1ts mantissa m and exponent s, and the value
of the transfer function F(x)=f,(x)=F .(mxr’).

When converting a pixel p of the WDR 1mage, the system
100 represents the pixel intensity x(p) thereof n the man-
tissa-exponent form:

x(p)=m(p)xr*?,

Then, the system 100 searches the lookup table using s(p)
and m(p), and determines the output pixel intensity value of
the pixel of the LDR image as f (mxr’). The computational
cost 1s then significantly reduced.
Dynamic Tone Mapping with Contrast Enhancement

For ease of description, in the following, the intensity x of
iput WDR pixels are represented in the mantissa-exponent
format with the radix r=2, and the mantissa m and exponent
s being fixed-point unsigned integers. The output pixel
intensity range R, ,,» is R; ,»={0sy=<y,,,+}.

As described above, 1n some embodiments, dynamic tone
mapping with contrast enhancement 1s used (step 128 with

block 126 1n FIG. 2). In these embodiments, the output LDR
image has a desired output pixel intensity distribution either
predefined before any WDR-to-LDR 1mage conversion or
dynamically defined during the WDR-to-LDR image con-
version.

In these embodiments, the dynamic range of the LDR
image 1s partitioned into the same number of intervals as that
of the WDR image. That 1s, the mput pixel intensity range
R, mto N mtervals X,, X, ..., X,.; based on s and
optionally m. The output pixel intensity range 1s partitioned
into N intervals Y., Y,, ..., Y., based on the output pixel
intensity value y. Pixels of a WDR 1mage that fall into an
input pixel intensity interval X, are mapped to the output
pixel intensity mnterval Y.

To reserve 1mage details, the output LDR images shall
statistically have more pixels fall into lower-end intervals
(1.e., Y, with smaller 1’s), corresponding to a desired input
pixel intensity distribution with the peak at a low exponent
value. Therefore, 1n these embodiments, a reference input
pixel intensity distribution 1s used for adjusting the output
pixel mtensity distribution towards a desired pixel intensity
distribution. An example of a reference pixel intensity
distribution over the exponent s 1s shown i FIG. 6. As
shown, the majority of pixels statistically have pixel inten-
sity values with their exponent values s equal to zero.

By using the reference pixel intensity distribution, the
input pixel intensity range R, 1s partitioned based on a
distribution D(s):

D($)=aXD, A S)+BXDyys55),

(29)

(30)

where a and 3 are weight factors to balance between detail
reproduction and contrast, and a+p=1; D, As) 1s the refer-
ence pixel intensity distribution; and D;, (s) 1s the input
pixel intensity distribution of the WDR 1mage to be pro-
cessed. Thus, the distribution D (s) 1s a weighted combina-
tion of D, As) and Dy, (S).

Those skilled in the art will appreciate that 1n some
embodiments, D,. (s) may be the mput pixel intensity
distribution of a plurality of WDR 1mages such as WDR
images ol night scenes.

In order to map an mput pixel with a different exponent
value to a diflerent LDR 1interval, the parameter settings in
Equation (28) 1s modified. For example 1n some embodi-
ments, g(m,s) may be chosen as:

D xm (31)

+ 54+ 2.

glm, s) =
MyAX
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where m,,, . 1s the maximum of m (see Equation (23)).
Moreover, in these embodiments, a =1, b =1, and ¢ _=0.
Then, f(x) as in Equation (28) only comprises two undeter-
mined parameters d, and K.

(32)

2 Xm
fx) =(logy(x+ 1)) xlmgz( +s5+ 2] Xd, +Kp.
Maax

In order to make the transfer function F(x) monotonic and
continuous, the following boundary equations are solved:

J D 1owbound) =Varax*D(s), (33)
f (o, sghbound) —Yarax*D(s+1), (34)
where

Pirowbound ™ Mag4xXx 2", (35)
Phighbound Marax* 251, (36)

As shown 1 FIG. 7TA, Dionbomuna A4 Drionbouna are the two
boundaries of the transfer sub-function 234. The parameters
d, and k, and consequently the transfer function f(x) as in
Equation (32) are then obtained by solving the above
Equations (33) to (36). FIG. 7B 1s an example showing a
schematic illustration of F(x) with which the output LDR
images statistically have a pixel intensity distribution of
30% within the first output pixel intensity interval 242
corresponding to the input interval s=0, 10% within the
second output pixel intensity interval 244 corresponding to
the mput interval s=1, 80% within the third output pixel
intensity interval 246 corresponding to the input interval
s=2, and so on.

Step of Generating Mantissa-Exponent Representation

The step 124 of generating mantissa-exponent represen-
tation of the process 120 shown in FIG. 2 1s now described.

FIG. 8 shows the detailed of the step 124. As shown, the
system 100 first establishes the transfer function f(x) (step
2772). At this step, the system 100 determines the intervals X,
of the input pixel intensity range R ;- and determines the
sub-function §,(x) for each interval X, as described above.

In some embodiments, the mput pixel intensity range
R~ 15 a predetermined range such as the total pixel
intensity range as defined by the WDR 1mage file format. In
these embodiments, the intervals X. of the input pixel
intensity range R, and the sub-function f(x) for each
interval X, may also be predetermined and stored in the
storage 106 (see FIG. 1).

In some alternative embodiments, the input pixel intensity
range R ;.- 15 dynamically determined for each WDR 1mage
to be processed. At step 272, the system 100 first determines
the 1input pixel intensity range R ;- of the WDR 1mage to
be processed. Then, the system 100 partitions R, 1nto a
plurality of intervals X. and determines the sub-function
§.(x) for each interval X, as described above. The determined
intervals X, of the input pixel intensity range R ...~ and the
transfer function f(x)={f,(x),1=0, 1, 2, . .. } are stored in the
storage 106.

After establishing the transfer function F(x), the intensity
of each pixel of the WDR image 1s represented in the
mantissa-exponent form (step 274). The process then goes to
step 128 to proceed the input WDR 1mage and convert each
pixel thereotf into a pixel of a LDR 1mage by using Equation

(25).
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Of course, 1n embodiments that the pixel intensity of the
WDR 1mage 1s already represented 1n the mantissa-exponent
form, the system 100 can skip step 274.

Contrast Enhancement Using Clustering

FIG. 9 1s schematic diagram illustrating a contrast
enhancement process 300 in some alternative embodiments.
The process 300 uses a clustering algorithm to classity the
imput WDR 1mages 1n a WDR database 302 into a plurality
of classes 304 based on suitable classification criteria. For
example, 1 some embodiments, the classification may be
based on a set of photographical characteristics, and the
imput WDR 1mages having similar photographical charac-
teristics may be classified into a same class 304. In some
embodiments, the classification may be based on 1llumina-
tion and/or scenery conditions, and the mput WDR 1mages
may be classified into classes 304 of night scene, sunny
illumination, cloudy illumination, sports, portraits, and the
like. In some embodiments, the classification may be based
on the exponent distributions and the mantissa distributions
thereof. In some embodiments, the classification may be
based on applications and/or uses such as medical 1mages,
security 1mages, and the like.

For each class 304, the parameter settings 306 thercof
such as the mput pixel intensity range partitioning and/or the
tone-mapping transfer sub-functions f(x) may be optimized
by a tone-mapping optimization (ITMO) process 308 before
tone mapping for obtaining the best suitable mput pixel
intensity range partitioning and/or the best suitable tone-
mapping transfer function f(x) for the class 304.

The clustering algorithm can be any unsupervised clus-
tering or classification algorithm. As clustering may be
computationally costly, clustering may be conducted ofi-line
without increasing the complexity of tone mapping which
may need to be conducted 1n real-time.

During tone mapping for a WDR 1mage 310, the process
300 first analyzes the exponent and mantissa distributions
312 of the WDR 1image 310 to determine the class 304 (such
class 2 1n FIG. 9) that the WDR 1mage belongs to. Then, the
set of the parameters 306 of the WDR mmage 310 1n
accordance with the determined class 304 are used by the
tone mapping algorithm for converting the mput WDR
image 310 1nto an output LDR 1mage.

The tone mapping process described in above embodi-
ments 1s a global tone mapping operator which uses a single
transier function (comprising a plurality of sub-functions)
for converting each pixel of the WDR 1mage into a pixel of
an output LDR 1mage. In processing each pixel of the WDR
image, the tone mapping process does not take into account
the surrounding pixels thereof
Dynamic Tone Mapping with Image Fusion

FIG. 10 shows a WDR-to-LDR 1mage conversion process
in some alternative embodiments. As shown, a WDR 1image
340 1s partitioned into a plurality of blocks 342. For each
block 342, the system 100 determines a tone-mapping
transfer function therefor and uses the determined tone-
mapping transier function to convert the block 342 into an
output 1mage block 362 for forming the output LDR 1mage
360.

In determining the tone-mapping transier function for a
block 342, the system 100 may calculate the pixel intensity
distribution of the block 342 and determine the pixel inten-
sity range partitioning and the corresponding tone-mapping
transier function according to the calculated pixel intensity
distribution, as described above. Consequently, each block
342 may have a different tone-mapping transier function. In
the example shown i FIG. 10, a tone-mapping transier
function 352A and the corresponding pixel intensity range
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partitioning are determined for a block 342A, and 1s used to
convert the block 342A into an output block 362A of the
LDR i1mage 360. Another tone-mapping transier function
352B and the corresponding pixel intensity range partition-
ing are determined for another block 342B, and 1s used to
convert the block 342B into an output block 362B of the

LDR 1mage 360.
FIG. 11 shows a WDR-to-LDR 1mage conversion process

in some alternative embodiments. A WDR 1mage 340 is
processed a plurality of K times, K>1 being an integer, to
generate a plurality of mtermediate LDR 1mages 360-1 to
360-K, which are then combined to obtain an output LDR
image 360. In FIG. 11, the K processings are denoted as
370-1 to 370-K.

In each of the processings 370-1 to 370-K, the WDR
image 340 1s partitioned into a different number of blocks.
The blocks 1n each of the processings 370-1 to 370-K
therefore have a different size. For example, 1 the process-
ing 370-1, the WDR 1mage 340 1s partitioned 1nto a {first
number of blocks each having a size of 32 pixels by 32
pixels. In the processing 370-2, the WDR 1mage 340 1s
partitioned into a second number of blocks each having a
s1ze ol 64 pixels by 64 pixels. In the processing 370-K, the
entire WDR 1mage 340 1s used as a single block.

It 1s noted that the block size can aflect the wvisual
appearance of the generated LDR 1mage. Usually, smaller
block sizes can reveal more detaill and contrast in the
generated LDR 1mage, but larger block sizes can maintain
more brightness monotonicity therein. In some embodi-
ments, the smallest block size 1s 32-by-32 pixels. In some
alternative embodiments, the smallest block size 1s 64-by-64
pixels. In yet some alternative embodiments, the smallest
block size may be 2-by-2 pixels.

In some embodiments, the largest block size 1s the size of
the WDR 1mage to be processed.

In each of the processing 370-1 to 370-K, after WDR
image partitioning, the blocks are processed as shown 1n
FIG. 10 to obtain an intermediate LDR image 360-1 to
360-K. Then, the intermediate LDR 1mages 360-1 to 360-K

are fused as, for each pixel p of the output LDR 1mage,

(37)

=1

i

K
Z ai(p)yi(p)

yip)=

0

a;(p)
i

i

where y.(p) 1s the pixel intensity value of the pixel p of the
1-th intermediate LDR 1mage 360-i;, and a(p) 1s a weighting
factor for the pixel p of the 1-th mntermediate LDR image
360-i. The weight factors a,(p) may take any suitable values
such as being predefined, being determined by a user, or
automatically calculated by the system 100. For example, 1n

some embodiments, the weight factors a(p) may be calcu-
lated as:

a;(p) (38)

oi{p)+e

a;(p) =

where o,(p) 1s the pixel intensity variance of the WDR 1image
block used in the 1-th processing 370-i for determining the
transier function for calculating the itensity of the pixel p
of the 1-th mtermediate LDR 1mmage 360-i, and E 1s a user
defined parameter.
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FIG. 12 shows a WDR-to-LDR 1mage conversion process
in some alternative embodiments. Similar to the process
shown 1n FIG. 11, in these embodiments, a WDR 1mage 340
1s processed a plurality of K times to generate a plurality of
intermediate LDR 1mages 360-1 to 360-K, which are then
combined to obtain an output LDR mmage 360. The K
processings are also denoted as 370-1 to 370-K.

In each processing 370-i, a moving window 380-i 1s used
to determine the pixel intensity range partitioning and the
corresponding tone-mapping transier function according to
the pixel intensity distribution of the pixels in the window
380-i, as described above. Then, a set of the WDR pixels
382-; within the window 380-i are converted to correspond-
ing LDR pixels using the determined tone-mapping transier
function of the window 380-i. The moving window 380-i
then move to a next position 1n the WDR 1mage 340 to
convert another set of pixels. An intermediate LDR 1mage
360-i 1s obtained when all pixels 1n the WDR 1mage 340 are
converted.

The moving window 380-7 1n each processing 370-i may
have a different size. For example, the moving window
380-1 1n the processing 370-1 may have a size of 32 pixels
by 32 pixels. The moving window 380-2 1n the processing
370-2 may have a size of 64 pixels by 64 pixels. The moving
window 380-K 1n the processing 370-K may have the size of
the WDR 1mage 340.

In some embodiments, the smallest window size 1s 32-by-
32 pixels. In some alternative embodiments, the smallest
window size 1s 64-by-64 pixels. In some embodiments, the
largest window size 1s the size of the WDR image to be
processed.

In some embodiments, the set of WDR pixels 382-i 1n
cach processing 370-i may have a different size, and the
embodiments shown i FIG. 11 may be considered as a
special case of the embodiments shown 1n FIG. 12. That 1s,
all WDR pixels 1n a window are converted to LDR pixels.

In some embodiments, the set of WDR pixels 382-i 1n all
processings 370-i may have a same size. For example, the
set of WDR pixels 382-i 1n all processings 370-i may be one
(1) pixel.

In various embodiments, the set of pixels 382-i may be at
any position within the window 380-i. For example, in some
embodiments as shown 1n FIG. 13A, the set of pixels 382-i
may be at the center of the window 380-i. In some embodi-
ments as shown 1n FIG. 13B, the set of pixels 382-i may be
at the top-left corner of the window 380-i. In some embodi-
ments as shown 1n FIG. 13C, the set of pixels 382-i may be
at the bottom-right corner of the window 380-i. In some
embodiments as shown in FIG. 13D, the set of pixels 382-i
may be a set of pixels 384 within the window 380-; that may
not be adjacent to each other.

In some embodiments, after a set of pixels 382-i are
converted, the moving window 380-i moves to a next
position such that another set of pixels adjacent to the
processed set of pixels 382-i are then processed. For
example, as shown in FIG. 14, when the moving window
380-; 1s at a position 390A marked in solid lines, a set of
k-by-k pixels 392 are converted to LDR pixels. Then, the
window 380-i moves towards the right by k pixels to a next
position 390B marked in broken lines such that a set of
pixels 394 adjacent to the pixel set 392 are processed.

When the moving window 380-i 1s traversing the WDR
image 340, the window 380-i may only partially overlap
with the WDR 1mage 340. In this case, the pixels of the
WDR 1mage 340 within the window 380-i may be mirrored
to fill the window 380-i. For example, as shown in FIG. 15A,
the window 380-i 1s about a corner 400 of the WDR 1mage
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340, and 1s partially overlapped with the WDR 1mage 340 at
a region 402. In this case, the pixels in region 402 are
mirrored about the corner 400 to obtain pixels 1n areas 404.
Then, the pixels in the combined arecas of 402 and 404
overlapping the window 382-i, 1.e., the area 406, are used for
calculating the pixel intensity distribution and for determin-
ing the pixel intensity range partitiomng and the tone-
mapping transfer function.

In another example shown in FIG. 15B, the window 380-;
1s about a side 420 of the WDR 1mage 340, and 1s partially
overlapped with the WDR 1mage 340 at a region 422. In this
case, the pixels 1n region 422 are mirrored about the side 420
to obtain pixels 1n area 424. Then, the pixels 1n the combined
arcas ol 422 and 424 overlapping the window 382-i, 1.e., the
arca 426, are used for calculating the pixel mtensity distri-
bution and for determining the pixel intensity range parti-
tioming and the tone-mapping transier function.

Referring back to FIG. 12, in each processing 370-i, an
intermediate LDR 1mmage 360-i 1s obtained after the moving
window 380-i has traversed the entire WDR 1mage 340 and
all pixels in the WDR 1mage 340 are converted. Then, the
intermediate LDR 1mages 360-1 to 360-K are fused to obtain
an output LDR 1mage 360 by using Equations (37) and (38).

Although 1n above examples, the blocks and/or the mov-
ing window 1s described as square blocks and/or a square
window, 1n various alternative embodiments, the blocks
and/or the moving window may be in any suitable shapes
such as rectangle, triangle, hexagon, and the like.

Those skilled 1n the art will appreciate that, in some
embodiments, the dynamic tone mapping with image fusion
as shown 1n FIGS. 10 to 12 may not necessarily require input
pixel intensity partitioning and a transier function over a
plurality of intervals. Rather, any suitable transfer functions
may be used and determined for each image block and/or the
moving window.

Those skilled in the art will appreciate that, 1n some
embodiments, the dynamic tone mapping with image fusion
as shown 1n FIGS. 10 to 12 may not necessarily require any
specific value representation such as the mantissa-exponent
representation. Rather, any value representations may be
used.

Output LDR Image Filtering

In order for human visual systems to identify and separate
out the details in a LDR 1mage, suilicient contrast 1s gen-
crally required between the pixels of the LDR image.
Accordingly, 1n some embodiments, the LDR 1mage
obtained from above-described tone-mapping 1s further {il-
tered by a contrast-enhancing filter. For example, a suitable
contrast-enhancing filter may be an un-sharpening mask as
follows:

Hp)=1qp)+(qp)-(g*)(p)1=12xq(p)-(g*)(p)],

where t(p) 1s the filtered LDR 1mage, q(p) 1s the LDR 1image
obtained from tone-mapping, 1(p) 1s a low-pass filter, and
symbol * denotes the convolution operation. The processed
image t(p) 1s a contrast-enhanced version of q(p) since t(p)
tends to highlight the edges therein. The absolute value in
Equation (39) ensures that the intensity values of t(p) are
positive.

In some embodiments, 1t 1s also suitable to use a Gaussian
filter as 1(p) which has good local properties and which can
be efliciently implemented 1n hardware. Those skilled 1n the
art will appreciate that other low-pass filter may be alterna-
tively used as 1(p). Those skilled 1n the art will also appre-
ciate that other contrast-enhancement algorithms may be
alternatively used for processing the LDR 1mages obtained
from tone-mapping.

(39)
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Alternative Embodiments

As described above, the input pixel intensity range R,
1s partitioned 1nto a plurality of input pixel intensity intervals
based on an intensity value representation having a coarse
layer and a detailed layer. In some embodiments, the interval
partitioning may be based on the coarse layer only. In some
alternative embodiments, the interval partitioning may be
based on both the coarse layer and the detailed layer.

A transfer function f(x) having a plurality of sub-func-
tions f.(x) each being determined over a corresponding input
pixel intensity interval 1s then determined, and used for
converting each WDR pixel into a LDR pixel.

In some embodiments, the interval partitioning may be
based on the coarse layer, the detailed layer, and a histo-
gram/pixel intensity distribution. The histogram may be a
pixel intensity distribution of the WDR 1mage to be pro-
cessed, thereby providing an advantage of adapting the
transfer function f(x) with the characteristics of the WDR
image to be processed for contrast enhancement and/or
maintaining image details.

Alternatively, the histogram may be a statistic pixel
intensity distribution determined from a set of WDR 1mages
such as a set of WDR 1mages classified 1n a same category
based on similar photographic features, 1llumination char-
acteristics, applications, uses, and the like. Such a statistic
histogram may be predetermined before the start of WDR -
LDR 1mage conversion, thereby providing an advantage of
reduced computational cost.

In above embodiments, intensity value representation is a
mantissa-exponent representation, the coarse layer 1s the
exponent s, and the detailed layer 1s the mantissa m. The
interval partitioning and the transier function determination
are based on the exponent s, the mantissa m, and/or other
criteria such as a histogram.

In various alternative embodiments, the input pixel inten-
sity range R, may be partitioned mnto a plurality of
intervals based on other suitable criteria. For example, 1n
some alternative embodiments, the mput pixel intensity
range R ,..,» may be uniformly partitioned into a plurality of
intervals each having the same interval range. Such interval
partitioning may be considered as a special case of the
interval partitioning based on both the exponent s and the
mantissa m with the radix r=1.

Other intensity value representations having a coarse
layer and a detailed layer may alternatively be used, and the
above-described system and methods, including input pixel
intensity range partitioning, the transfer function determi-
nation, dynamic tone mapping, dynamic tone mapping with
contrast enhancement, and dynamic tone mapping with
image fusion, may all be based on such intensity value
representations.

For example, in some embodiments where the intensity
values are represented as numbers having a plurality of
digits, one or more most significant digits may be used as a
coarse layer, and one or more least significant digits may be
used as a detailed layer.

In some embodiments where the intensity values are
multiple-bit binary integers, one or more most significant
bits (MSBs) may be used as a coarse layer, and one or more
least signmificant bits (LSBs) may be used as a detailed layer.
In these embodiments, the mnput pixel intensity range R,
may be partitioned into a plurality of intervals based on the
coarse layer, and/or the detailed layer, and/or other criteria,
as described above.

Although embodiments have been described above with
reference to the accompanying drawings, those of skill in the
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art will appreciate that variations and modifications may be
made without departing from the scope thereof as defined by
the appended claims.

What 1s claimed 1s:

1. A method of converting an mput wide dynamic range
(WDR) 1mage into an output low dynamic range (LDR)
image, the pixels of the mput WDR image having a first
dynamic range R, and the pixels of the output LDR
image having a second dynamic range R, » smaller than the
first dynamic range, the method comprising:

representing each intensity value x within the first range

R~ as x=mxr’ with m being a mantissa of X, r being
a radix, s being an exponent of x, and x representing
multiplication;
partitioning the first range R, 1nto a plurality of input
intervals X, with 1 being an teger and 120, based at
least on values of the exponents within the first range
R, », the input intervals X, being non-overlapped and
spanning the first dynamic range R, x;

obtaining a transfer function f(x) over the first dynamic
range R, the transfer function F(x) comprising a
plurality of sub-functions f (x), each sub-function f (x)
being determined over one of the mput intervals X, of
the first dynamic range R,/ 5;

determining the intensity y(p) of each pixel p of the output
LDR image by using the transfer function F(x) and at
least the intensity value x(p) of the corresponding pixel
p of the mnput WDR 1mage; and

outputting the output LDR 1mage.

2. The method of claam 1 wherein said obtaining the
transfer function f(x) comprises:

maintaining a lookup table of the transfer function f(x).

wherein said lookup table comprises a plurality of
entries, each entry comprises a value of x represented
as 1ts mantissa m and exponent s, and the corresponding
value of F(x); and

wherein said determining the ntensity y(p) of each pixel

p of the output LDR 1mage comprises:

representing the intensity value x(p) of the pixel p of the

imput WDR 1mage 1n the mantissa-exponent form:

x(p)=m(p)xr*®;

searching the lookup table using s(p) and m(p) for deter-
mining the corresponding value of F(x(p)); and

using the determined value of f(x(p)) as the intensity
value of the pixel p of the output LDR image.

3. The method of claim 1 wherein the transier function

F(x) 1s:
Jx)=(logy(axx+b)xc,)xlogy(g(m,s))xd +k ,,
b.c

wherea_, b,, ¢, d,, and k, are parameters, and the function
g(m,s) 1s a function of the mantissa m and the exponent
S.

4. The method of claim 1 wherein said non-overlapped
input intervals of the first dynamic range R, are parti-
tioned based on at least the exponent s and a weighted
combination D of a reference pixel intensity distribution and

an 1put pixel intensity distribution:

D:CIXDrefl-BXDhisr:

where o and [5 are weight factors and a+p=1; D, _.1s the
reference pixel intensity distribution; and D, ., 1s the
input pixel itensity distribution.

5. The method of claim 1 further comprising;:

establishing a plurality of WDR 1mage classes; and

establishing a plurality of transfer functions each for one

of the plurality of WDR 1mage classes;

10

15

20

25

30

35

40

45

50

55

60

65

26

wherein said obtaining the transfer function f(x) com-
Prises:

determining one of the plurality of WDR 1mage classes

for the mmput WDR 1mage; and

determining the transfer function f(x) as one of the

plurality of transfer functions based on the determined
WDR 1mage class.

6. A system for converting an mput WDR 1mage into an
output LDR 1mage, the pixels of the mput WDR image
having a first dynamic range R, and the pixels of the
output LDR 1mage having a second dynamic range R, ,,
smaller than the first dynamic range, the system comprising:

an input for mputting the input WDR 1mage;
an output for outputting the output LDR 1mage; and
a processing structure comprising one or more computing,
pProcessors or one or more circuits, the processing
structure functionally coupled to the mput and the
output, the processing structure being configured for:

representing each intensity value x within the first range
R, - as x=mxr’ with m being a mantissa of X, r being
a radix, s being an exponent of x, and x representing
multiplication;

partitioning the first range R, 1nto a plurality of input

intervals X, with 1 being an integer and 120, based at
least on values of the exponents within the first range
R, », the input intervals X, being non-overlapped and
spanning the first dynamic range R ;.

obtaining a transfer function f(x) over the first dynamic

range R, the transfer function f(x) comprising a
plurality of sub-functions §,(x), each sub-function f,(x)
being determined over one of the mput intervals X, of
the first dynamic range R ;..

determiming the intensity y(p) of each pixel p of the output

[LDR image by using the transfer function F(x) and at
least the intensity value x(p) of the corresponding pixel
p of the mput WDR 1mage; and

outputting the output LDR image.

7. The system of claim 6 wherein said obtaining the
transfer function f(x) comprises:

maintaining a lookup table of the transfer function (x),

wherein said lookup table comprises a plurality of
entries, each entry comprises a value of x represented
as 1ts mantissa m and exponent s, and the corresponding
value of f(x); and

wherein said determining the intensity y(p) of each pixel

p of the output LDR 1mage comprises:

representing the intensity value x(p) of the pixel p of the

input WDR 1mage in the mantissa-exponent form:

x(p)=m(p)xr*®;

searching the lookup table using s(p) and m(p) for deter-
mining the corresponding value of f(x(p)); and

using the determined value of f(x(p)) as the intensity
value of the pixel p of the output LDR image.

8. The system of claim 6 wherein the transfer function

F(x) 1s:

Jex)=(ogaxx+by)+c,)xlogy(g(m,s))xd +k,,

wherea,, b, ¢, d , and k  are parameters, and the function
g(m,s) 15 a function of mantissa m and exponent s.
9. The system of claim 6 wherein r=2, and m and s are
integers greater than or equal to zero.
10. The system of claim 6 wherein said non-overlapped
input intervals of the first dynamic range R, are parti-

tioned based on at least the exponent s and a weighted
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combination D of a reference pixel intensity distribution and
an mput pixel intensity distribution:

DZ&XDrefl_ﬁXthsr:

where o and 3 are weight factors and a+p=1; D, -1s the
reference pixel mtensity distribution; and D, . 1s the
input pixel itensity distribution.

11. The system of claim 10 wherein r=2, and m and s are
integers greater than or equal to zero; wherein D=D(s),
D,./~D, .AS), Dy,,;/~D;,,(s) are functions of s; wherein the
first pixel intensity range R, 1s between zero and a
maximum value m,,, ., and the second pixel intensity range
R; ~r 15 between zero and a maximum value vy, , -, wherein

the transfer function f(x) is:

(1)

2 Xm
f(x)=(log,(x+ 1)) xlmgz( +s5+ 2] Xd, +K£,,

Marax

here d,, and k, are parameters; and
herein dp and kp are the solutions of functions:

g =

F P rowbound) =VaraxxD(s), (2)

§ (o ighbound)—YVarax*D(s+1), (3)

where

(4)

- 5
Piowbound MaraxX2

(3)

12. The system of claim 6 wherein the processing struc-
ture further acts for:

establishing a plurality of WDR 1mage classes; and

establishing a plurality of transfer functions each for one

of the plurality of WDR 1mage classes;

wherein said obtaining the transfer function f(x) com-

Prises:

determining one of the plurality of WDR 1mage classes

for the 1nput WDR 1mage; and

determining the transfer function f(x) as one of the

plurality of transier functions based on the determined
WDR 1mage class.

13. A non-transitory computer-readable storage device
comprising computer-executable instructions for converting
an mput WDR 1mage to an output LDR 1mage, the pixels of
the input WDR 1mage having a first dynamic range R,
and the pixels of the output LDR image having a second
dynamic range R, ,, smaller than the first dynamic range,
wherein the istructions, when executed, cause a processing,
structure to act for:

representing each intensity value x within the first range

R~ as x=mxr’ with m being a mantissa of X, r being
a radix, s being an exponent of x, and x representing,
multiplication;
partitioning the first range R ., 1nto a plurality of input
intervals X, with 1 being an integer and 1=0, based at
least on values of the exponents within the first range
R, the input intervals X, being non-overlapped and
spanmng the first dynamic range R ,5:

obtaining a transfer function f(x) over the first dynamic
range Ry, the transfer function F(x) comprising a
plurality of sub-functions f (x), each sub-function f (x)
being determined over one of the mput intervals X, of
the first dynamic range R ;1 50;

determining the intensity y(p) of each pixel p of the output
LDR image by using the transfer function F(x) and at

_ s+1
Phighbound Magaxx2” — L.
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least the intensity value x(p) of the corresponding pixel
p of the mput WDR 1mage; and

outputting the output LDR image.

14. The non-transitory computer-readable storage device
of claim 13 wherein said partitioning the first range R,
into the plurality of mput intervals X, comprising: partition-
ing the first range R, 1nto the plurality of input intervals
X. based at least on the values of the exponent s within the
first range R, the values of the mantissa m within the
first range R;;5, and a pixel intensity distribution.

15. The non-transitory computer-readable storage device
of claim 13 wherein said obtaining the transfer function f(x)
COmMprises:

maintaining a lookup table of the transfer function (%),

wherein said lookup table comprises a plurality of
entries, each entry comprises a value of x represented
as 1ts mantissa m and exponent s, and the corresponding
value of F(x); and

wherein said determining the intensity y(p) of each pixel

p of the output LDR 1mage comprises:

representing the intensity value x(p) of the pixel p of the

input WDR 1mage 1n the mantissa-exponent form:

x(p)y=m(p)xr®:

searching the lookup table using s(p) and m(p) for deter-
mining the corresponding value of f(x(p)); and
using the determined value of f(x(p)) as the intensity
value of the pixel p of the output LDR image.
16. The non-transitory computer-readable storage device
of claim 13 wherein the transfer function F(x) is:

(6)

where a,, b, ¢, d,, and k, are parameters, and the function
g(m,s) 1s a function of the mantissa m and the exponent s.

17. The non-transitory computer-readable storage device
of claim 13 wherein r=2, and m and s are integers greater
than or equal to zero.

18. The non-transitory computer-readable storage device
of claim 13 wherein said non-overlapped mnput intervals of
the first dynamic range R, are partitioned based on at
least the exponent s and a weighted combination D of a
reference pixel intensity distribution and an input pixel
intensity distribution:

Jx)=(ogy(axx+by)+c,)xlogy(g(m,s))xd +,,

DZ&XDFEﬁﬁXthSI? (7)

where o. and 5 are weight factors and a.+=1; D, .1s the
reference pixel intensity distribution; and D, . . 1s the
input pixel intensity distribution.

19. The non-transitory computer-readable storage device
of claim 18 wherein r=2, and m and s are integers greater
than or equal to zero; wheremn D=D(s), D, =D, (S),
D,. =D, . (s) are functions of s; wheremn the first pixel
intensity range R, 1s between zero and a maximum value
m,,, -, and the second pixel intensity range R, 55 1s between

zero and a maximum value vy,,,.; wherein the transfer
function f(x) i1s:

(8)

2Xm
f(x)=(logy(x+ 1)) xlmgz( +5+ 2] Xd, +Kkp,

Mpiax

here d,, and k, are parameters; and
herein dp and kp are the solutions of functions:

g =

F @ 1owbound) =VaraxxD(s), (9)

f (phighbaund):yMAXXD(S+1): (10)
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where
Diowbound Parax*X2 (11)
phfghbmund:mMAszs+l_ 1. (12)

20. The non-transitory computer-readable storage device
of claam 13 wherein said 1nstructions, when executed, fur-
ther cause the processing structure to act for:

establishing a plurality of WDR 1mage classes; and

establishing a plurality of transfer functions each for one

of the plurality of WDR 1mage classes;

wherein said obtaining the transfer function f(x) com-

Prises:

determining one of the plurality of WDR 1mage classes

for the input WDR 1mage; and

determining the transfer function F(x) as one of the

plurality of transter functions based on the determined
WDR 1mage class.
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